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EFFECT OF WINGLETS ON A FIRST-GENERATION JET TRANSPORT WING

I - LONGITUDINAL AERODYNAMIC CHARACTERISTICS OF A SEMISPAN MODEL
AT SUBSONIC SPEEDS

Peter F. Jacobs and Stuart G. Flechner
Langley Research Center

Lawrence C. Montoya
Dryden Flight Research Center

SUMMARY

This paper presents the effects of winglets and a simple wing-tip extension
on the aerodynamic forces and moments and the flow-field cross-flow velocity vec-
tors behind the wing tip of a first-generation jet transport wing. The investi-
gation was conducted in the Langley 8-foot transonic pressure tunnel using a
semispan model. The test was carried out at Mach numbers of 0.30, 0.70, 0.75,
0.78, and 0.80. At a Mach number of 0.30, the configurations were tested with
combinations of leading- and trailing-edge flaps.

Results of the investigation indicate that the winglets reduce induced drag
by approximately 20 percent at cruise conditions. The tip extension, designed
to produce wing bending-moment increments at design conditions equivalent to
those produced by the winglets, reduces induced drag by 10 percent. The wing-
lets and tip extension produce small negative increments in pitching-moment coef-
ficient; however, the increments associated with the addition of the winglets
are less than those produced by the tip extension. At cruise conditions, the
winglets and tip extension produce positive increments in lift-drag ratio of
9 percent and U4 percent, respectively. At a second-segment-climb Mach number of
0.30, the winglets continue to be more aerodynamically efficient than the tip
extension. Configurations with the upper winglet only, upper and lower winglets,
and the tip extension produce increases in lift-drag ratio of 10 percent, 9 per-
cent, and 6.5 percent, respectively, at a 1lift coefficient near 1.0.

INTRODUCTION

Winglets, as described in reference 1, are intended to provide reductions
in drag coefficient, at cruise conditions, substantially greater than those
obtained with a simple wing-tip extension, which has been designed to impose the
same bending increments on the wing structure as the winglets. The National
Aeronautics and Space Administration has been conducting extensive experimental
investigations of the effects of winglets on jet transport wings at high sub-
sonic Mach numbers. (See refs. 2 and 3.)




This investigation was conducted to determine the effects of winglets and
a simple wing-tip extension on the longitudinal aerodynamic characteristics,
surface static-pressure distributions, and cross-flow velocities behind the wing
tip of a first-generation jet transport. This paper, which is one of a series,
presents the effects of winglets on the longitudinal aerodynamic characteristics
and cross flows only. Chordwise static-pressure distributions and spanwise load-
ings for the wing and winglets are presented in references Y4 and 5. Data were
taken at Mach numbers.of 0.30, 0.70, 0.75, 0.78, and 0.80. At a Mach number of
0.30, the configurations were tested with combinations of leading- and trailing-
edge flaps. To obtain the highest possible Reynolds number, a semispan model
was used. The tests were conducted in the Langley 8-foot transonic pressure

tunnel.
SYMBOLS
Force and moment data have been reduced to coefficient form based on the
exposed trapezoidal area of the basie wing. All dimensional values are given in
both the International System of Units (SI) and U.S. Customary Units (ref. 6).
All measurements and calculations were made in U.S. Customary Units.
Coefficients and symbols used herein are defined as follows:

b! exposed semispan of wing with basic tip, 124.26 cm (48.92 in.)

Ab! incremental increase in exposed wing semispan (tip extension), 0.38
of span of upper winglet, 7.62 cm (3.00 in.)

c local chord, cm (in.)

c mean geometric chord of exposed basic wing, 39.98 cm (15.74 in.)
ct tip chord of basic wing, cm (in.)

Cpt bending-moment coefficient at wing-fuselage juncture,

Bending moment/q_Sb'

Cp drag coefficient, Drag/q_S

ACp incremental drag coefficient, Cp - Cp, pasic

CL lift coefficient, Lift/q_S

ACy, incremental 1ift coeffiecient, Cp, - Cp basic

Cnm pitching-moment coefficient, Pitching moment/quE

g acceleration due to gravity, 980.7 cm/sec? (32.2 ft/sec?)

h span of the upper winglet from chord plane of wing tip (see

fig. 2(b)), cm (in.)



i incidence of winglet measured from free-stream direction, positive
with leading edge inward for upper winglet, outward for lower
winglet (see fig. 2(b)), deg

M, free-stream Mach number

oo free-stream dynamic pressure, Pa (psf)

R Reynolds number per unit length, per m (per ft)

S exposed trapezoidal area of basic wing, 0.4648 m2 (5.0034 ft2)

X chordwise distance from leading edge, positive aft, cm (in.)

y spanwise distance from wing-fuselage juncture, positive outboard,
em (in.)

z vertical coordinate of airfoil, positive upward, cm (in.)

o angle of attack, deg

n exposed wing semispan station (based on basic-wing panel), y/b!

Subscript:

basic reference configuration, model with no wing-tip devices

EXPERIMENTAL APPARATUS AND PROCEDURES
Test Facility

This investigation was conducted in the Langley 8-foot transonic pressure
tunnel, a continuous single-return tunnel with a slotted rectangular test sec-
tion. The longitudinal slots in the floor and ceiling of the test section
reduce tunnel wall interference and allow relatively large models to be tested
through the subsonic speed range. Controls are available to permit independent
variation of Mach number, stagnation pressure, temperature, and dew point. A
more detailed description of the wind tunnel is given in reference T.

Model Description

A 0.07-scale semispan model of the KC-135A transport aircraft was used in
this investigation. Photographs of the model in the wind tunnel are shown in
figure 1. Drawings of the model are shown in figure 2.

Fuselage.- The fuselage contours closely simulate the full-scale fuselage
shape, with the exception of the wheel-well area. An enlargement of this area
was necessary to enclose the model mounting apparatus. The fuselage midsection
covers the balance and has a slot through which the wing protrudes. (The gap
between the wing and fuselage results in unrepresentative absolute values of



axial force. Both lift and drag are influenced by the gap effects on axial
force; however, these effects can reasonably be considered systematic and thus
affect all wing-tip configurations equally at the same test conditions.) The
fuselage is not attached to the balance, but it does rotate with the wing
through the angle-of-attack range.

Wing.- The basic wing of the KC-135A model has 7° dihedral and 2° of ineci-
dence at the root chord. The wing has no geometric twist. A typical outboard
airfoil section is shown in figure 3. The wing thickness ratio varies nonlin-
early from 15 percent at the wing-fuselage juncture to 9 percent at the trailing-
edge break and then remains constant to the wing tip. The trapezoidal planform
of the total wing (extended to the fuselage center line) has a sweep at the
quarter-chord of 35°, an aspect ratio of 7.00, and a taper ratio of 0.35. For
all data analysis, the reference geometry parameters S, b', and ¢ are based
on the exposed trapezoidal planform of the basic wing. The model wing stiffness
was designed so that the relative model bending deflection at the tip was
approximately the same as that for the actual airplane at cruise conditions.

Winglets.- A detailed drawing of the winglets used in this investigation
is given in figure 2(b). The winglets employed an 8-percent-thick general avia-
tion airfoil. Winglet airfoil coordinates are presented in table I.

The upper winglet has a span equal to the wing-tip chord, a root chord
equal to 65 percent of the wing-tip chord, a leading-edge sweep of 38%°, a taper
ratio of 0.32, and an aspect ratio of 2.33. The planform area of the upper wing-
let is 3.8 percent of the exposed trapezoidal planform area of the basic wing.
The upper winglet is canted outboard 15° from vertical (75° dihedral) and toed
out U0 (leading edge outboard) relative to the fuselage center line. The upper
winglet is untwisted and therefore has constant negative geometric incidence
across its span. The "upper surface" of the upper winglet is the inboard

surface.

The lower winglet has a span equal to 23 percent of the wing-tip chord, a
root chord equal to 40 percent of the wing-tip chord, a leading-edge sweep of
520, a taper ratio of 0.40, and an aspect ratio of 0.82. The planform area of
the lower winglet is 0.6 percent of the exposed trapezoidal planform area of the
basic wing. The lower winglet is canted outboard from vertical 36° (549 anhe-
dral) and toed in 7° (trailing edge outboard) relative to the fuselage center
line. The lower winglet was twisted about its leading edge with U4° washout at
the tip. The "upper surface" of the lower winglet is the outboard surface.

To smooth the transition from the wing to the winglets, fillets were added
to the inside corners at those junctures and the outside corners were rounded.

Tip extension.- The 7.62-cm (3.00-in.) wing-tip extension (fig. 2(a)) has
the same coordinates as the outboard wing section. The span was estimated so
that the tip extension produced essentially the same increments in bending
moment at the wing-fuselage juncture as the winglets.

Nacelles.- Flow-through nacelles were used with an inlet diameter of 5.64 cm
(2.22 in.) and exit diameter of 3.45 em (1.36 in.). The inlet diameter was main-



tained back to approximately 0.66 of the nacelle length and then tapered lin-
early to the exit.

Flaps.- Fixed-position leading- and trailing-edge flaps were used to simu-
late second-segment-climb characteristics. The flaps tested were designed
merely to be representative and are not modeled after the actual KC-135A flaps.
The leading- and trailing-edge flaps were deflected 120° and 20°, respectively.
Flap details are shown in figure 4.

The configurations tested with and without flaps are shown in the following
table:

N Test configurationi
Flaps Basic Upper Upper and lower | Tip
tip winglet winglets extension
“g;f X ) X
Trailing edge X X X X
Leading and trailing edge X X X {

Boundary-Layer Transition Strips

Boundary-layer transition strips were placed on both surfaces of the wing
and winglets. These strips were comprised of a 0.159-cm (0.06-in.) wide band of
carborundum grains set in a plastic adhesive. The carborundum grains were sized
on the basis of reference 8. The transition strip patterns for the wing and
winglets are shown in figure 5.

The transition strips on the lower surface of the winglets were located
rearward in an attempt to simulate full-scale Reynolds number boundary-layer
conditions (ref. 9). The strips on the upper surfaces of the winglets were
located forward to insure transition ahead of the shock wave for the various
test conditions.

Test Conditions

Measurements were taken at Mach numbers of 0.30, 0.70, 0.75, 0.78, and
0.80 with the model angle of attack ranging from approximately 4° to 12° at
Moo @ 0.30, and -1° to ‘79 at all other Mach numbers. Stagnation temperature was
maintained at 322 K (120° F) throughout the entire test, and the air was dried
until the dew point was sufficiently low to prevent condensation effects. The
Reynolds numbers and dynamic pressures at which the data were obtained are pre-
sented in the following table:



R AUy

Moo
per m per ft kPa psf
0.30 11.68 x 106 | 3.56 x 106 12 251
.70 18.67 5.69 41 850
.75 17.72 5.40 41 850
.78 17.22 5.25 41 850
.80 16.90 5.15 11 850

Measurements

Force and moment data were obtained using a five-component electrical
strain-gage balance. Side-force measurements were not taken. At cruise condi-
tions, two sets of data were taken for each configuration. The difference in
drag coefficient of the same configuration for the two sets was about 0.0002.

At these conditions, the 1lift and rolling-moment coefficients differed by less
than 0.2 and 0.4 percent, respectively. As in reference 2, these increments are
given to indicate the repeatability of the data. An accelerometer attached to
the wing mounting block inside the fuselage was used to measure angle of attack.
Chordwise static pressures were measured at several semispan stations of the
basic wing and winglets and are presented in references 4 and 5.

Boundary-layer visualization photographs were taken utilizing the
fluorescent-oil-film flow-visualization technique described in reference 10.

A modified version of a special sting-mounted yaw head rake was used to sur-
vey the flow field behind two of the wing-tip configurations. The rake used in
the investigation of reference 11 was extended on each end to include an addi-
.tional static-pressure tube and yaw head. The rake was located approximately
2 wing-tip chords downstream of the wing trailing edge with the rake center
slightly above and inboard of the wing tip. Data were taken with the rake
located in the vertical, horizontal, and *U45° positions for the basic-wing and
upper-winglet configurations.

After the yaw head rake data were taken, several total-pressure tubes on
the bottom two yaw heads were found to be bent. These tubes were straightened
prior to the final calibration of the rake; therefore, the data from these two
yaw heads are incorrect and are not presented.

Wing-tip deflections were determined from photographs of a chordwise line
on the edge of the wing tip and are presented in references 4 and 5.

The slotted wind-tunnel test section is designed to reduce wall effects on
1lift. References Y4 and 5 show that the wing spanwise load distributions for all
configurations at the same conditions are nearly identical over the major por-
tion of the span. Therefore, wall effects on wing 1lift can be considered sys-
tematic, and no correction is made to the data for these effects. The wing
semispan and the model frontal area were sufficiently small (1.5 percent of the
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test-section cross-sectional area) to avoid having to correct Mach number for
wind-tunnel blockage effects (ref. 12).

PRESENTATION OF RESULTS

The results of this investigation are presented in the following figures:

Figure
Cruise:
Variation of drag coefficient with 1ift coefficient . . . . e e e e s 6
Variation of pitching-moment coefficient and angle of attack
with 1ift coefficient . . . . . . . . . . . .o e e e . 7
Fluorescent-o0il-film flow-visualization photographs (upper and .
lower winglets). M_= 0.78; ComO.48 . . . .. .. ... ..... 8
Variation of incremental bending-moment coefficient with
1ift coefficient . . . . e e . e e e e e . 9
Variation of incremental llft coefflclent for constant drag
coefficient with 1lift coefficient . . . . e« + . . 10
Flow-field cross-flow velocity vectors downstream of w1ng t1p B
Second-segment climb, M_ = 0.30:
Variation of drag coefficient with 1ift coefficient . . . . P 2
Variation of pitching-moment coefficient and angle of attack
with 1ift coefficient . . . . . . . . . . . . 13
Variation of incremental drag coefflclent w1th 11ft coefflclent .« .« . 14

RESULTS AND DISCUSSION
Cruise

During cruise, the KC-135A cargo/tanker aircraft can fly at wing loadings
and lift coefficients covering a wide range. For a representative mission, the
aircraft may fly at lift coefficients from 0.3 to 0.5 for cruise Mach numbers
near 0.78. Much of the data analysis herein is centered around a design condi-
tion of M_ = 0.78 and Cp, pasic = O.44. This design lift coefficient is based
on the exposed wing panel and corresponds to an overall trimmed airplane 1lift
coefficient of about 0.4, which is an average value for a representative mission.

The addition of winglets or a tip extension increases the optimum cruise
lift coefficient for the airplane as a result of the rotation of the drag coeffi-
cient plotted against 1ift coefficient polar. Therefore, for a particular engine
setting, the optimum cruise altitude would increase, while the thrust coefficient
(or equivalent drag coefficient) would remain constant. Figure 10 shows the
increase in 1lift coefficient for a constant drag coefficient resulting from the
additional surfaces on the wind-tunnel model. These changes are equal to changes
in the lift-drag ratio. As was stated in reference 1, the effects presented dif-
fer from those for a complete full-scale airplane. At full-scale conditionms,

"the skin-friction-drag penalties associated with the additions would be somewhat
less than those for the wind-tunnel test Reynolds number. More importantly, the
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drag due to 1ift for the complete airplane would be greater than for the exposed
panel of the wind-tunnel model. Therefore, the relative increase in 1ift coeffi-
cient for a constant drag coefficient would be less. It has been estimated that
because of these two compensating factors the relative changes in lift-drag ratio
for the complete full-scale airplane would be about 10 percent less than those

presented in figure 10.

Upper winglet.- At low 1lift coefficients, the increase in wetted area due
to the addition of the upper winglet results in additional skin-frietion and
form drag over the basic wing which is greater than the reduction in induced
drag. The lift coefficient at which these two effects cancel is approximately
0.2 for cruise Mach numbers. For lift coefficients greater than 0.2, the reduc-
tion in induced drag predominates over the inereases in skin-friction and form
drag, and the drag-coefficient reduction increases as 1ift coefficient increases.
Analysis of data indicates that for 1lift coefficients up to the design value,
the reductions in induced drag over the basic wing due to the upper winglet are

approximately 20 percent.

Figure 10 shows that the addition of the upper winglet results in an
increase in lift-drag ratio of about 9 percent over the basic wing at cruise
‘conditions. The increase in lift-drag ratio associated with the upper winglet
tends to decrease with increasing 1lift coefficient. This effect is caused by
wave drag and shock-induced boundary-layer separation at the wing-winglet june-
ture at higher 1ift coefficients.

Figure 7 shows that the addition of "'the upper winglet results in slightly
more negative values of pitching-moment coefficient and also tends to reduce the
longitudinal instability of the model (which is evident by a less positive slope
of Cyp versus Cp). The slope of the curve of 1lift coefficient plotted against
angle of attack is slightly higher with the upper winglet added. The breaks in
the curves of angle of attack and pitching-moment coefficient versus 1ift coeffi-
cient for the basic-wing and upper-winglet configurations occur at approximately
the same 1ift coefficient (Cp, = 0.7). The loss of 1lift on the upper-winglet con-
figuration at higher 1ift coefficients (see figs. 7(b) to 7(d)) is caused by
increased boundary-layer separation on the wing, which tends to unload the out-
board portion of the wing.

Upper and lower winglets.- Figure 6 shows that at cruise Mach numbers, the
addition of the lower winglet has little effect relative to the upper-winglet
configuration on the variation of drag coefficient with 1lift coefficient at 1ift
coefficients of 0.6 to 0.7. At higher 1lift coefficients the favorable influence
of the lower winglet on the upper winglet retards separation on the upper wing-
let by decreasing the local angle of attack, particularly over the root regions,
and by lowering the leading-edge pressure peak. (See ref. 4.) Thus, the favor-
able effects shown by the upper winglet of reducing the induced drag and increas-
ing the total lift continue beyond 1ift coefficients of 0.7. The breaks in the
curves of angle of attack and pitching-moment coefficient plotted against 1lift
coefficient are more gradual than with the upper winglet alone. (See fig. T7.)

Figure 8 shows the boundary-layer visualization photographs for the config-
uration with upper and lower winglets at M = 0.78 and Cp, = 0.48. Cellophane
tape was placed over the rows of surface pressure orifices on the wing and wing-
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let to prevent o0il from entering these orifices. The edges of the tape resulted
in chordwise stripes in the photographs. Seepage of o0il under the tape near the
leading edge and along the transition strip resulted in bright spots on the pho-
tographs. The winglets produce no adverse boundary-layer flow for cruise condi-
tions. Photographs (not presented) for the same 1ift coefficient at a slightly
higher Mach number (0.80) also show no adverse flow characteristics of the bound-
ary layer.

Tip extension.- Analysis of figure 6 shows that the wing-tip extension pro-
vides approximately a 10-percent reduction in induced drag over the basic wing
for 1ift coefficients up to the design condition. Figure 10 shows that the tip
extension produces an increase in lift-drag ratio of about 4 percent over the
basic wing at cruise conditions. This is approximately half of the increase
associated with the winglet configurations.

The breaks in the variations of angle of attack and pitching-moment coeffi-
cient with 1ift coefficient (fig. 7) also occur at a 1lift coefficient of 0.70,
and the slopes of both curves after the break are approximately the same as the
slopes for the upper-and-lower-winglet and basic-wing configurations. As with
both winglet configurations, the additional 1lifting surface behind the moment
center of the airplane results in slightly less longitudinal aerodynamic insta-
bility than with the basic wing. This effect is shown in figure 7 as a slightly
less positive slope in the pitching-moment coefficient plotted against 1ift coef-
ficient. The increment in pitching-moment coefficient due to the tip extension
is more than twice that for the upper-winglet configuration; therefore, the tip
extension would have an additional small trim drag penalty relative to the upper
winglet.

Bending moments.~ Winglets and tip extensions result in somewhat higher
bending moments at the wing root. An important trade-off must be considered
between the benefits of increased aerodynamic efficiency and the weight penal-
ties associated with the heavier wing structure required to handle the increased
bending moments. Consequently, comparisons of the different wing-tip configura-
tions must be made on the basis of equal bending-moment increments on the wing
structure. Generally, the wing structural design is governed by the bending
moments at the higher 1ift coefficients associated with a higher than 1g load
condition.

Figure 9 shows the variations with lift coefficient of incremental bending-
moment coefficients at the wing-fuselage juncture for Mach numbers of 0.70 and
0.78. The bending-moment coefficients presented were computed in two steps..
First, the rolling moments measured at the balance center were transferred to
the wing-fuselage juncture. Then the bending moments due to winglet side force
were added to the rolling moments. These bending moments were calculated by
multiplying the side-force increments of the winglets (from integrations of the
pressure distributions of ref. 4) times the vertical distance from the moment
reference center to the elastic axis of the wing root. The bending moments
associated with side forces on the wing panel (due to wing dihedral) were not
computed. These bending monients are nearly equal for all the configurations at
the same 1ift coefficient. Inclusion of these bending-moment increments would
reduce the absolute values presented in figure 9 slightly; however, the relative
increments between configurations would remain constant.



The bending-moment-coefficient increments at the design 1ift coefficient
of 0.44 are increased approximately 3 to U4 percent relative to the basic wing.
At 1ift coefficients higher than 0.5, the upper-winglet configuration shows
decreasing bending-moment-coefficient increments, while the increments for the
tip extension tend to increase. The addition of the lower winglet causes an
increase in the bending-moment-coefficient increment, but it is still less than
the tip-extension increment at Mm = 0.70 and approximately equal at Mp = 0.78.
(Bending-moment-coefficient increments are not presented at lift coefficients
greater than 0.70 at M_ = 0.78 because the wing is stalled (fig. 7(ec)) and
therefore the data are strongly dependent on Reynolds number.)

The reason for these trends is that as the wing 1lift coefficient increases
to the higher values, the normal-force coefficients on the winglets do not
increase as rapidly as do the section 1lift coefficients of the tip extension.

(See ref. 4.)

Wing-tip vortex.- The flow-field cross-flow velocity vectors measured
2 wing-tip chords downstream of the wing tip are presented in figure 11 for two
cruise Mach numbers. The flow pattern behind the basic wing (figs. 11(a) and
11(e)) suggests a typical wing-tip vortex circulation. The center of the rake
is positioned approximately at the vortex core. The addition of the upper wing-
let (figs. 11(b) and 11(d)) substantially reduces the magnitude of the velocity
vectors in the vortex-core region and disrupts the whole vortex to the point
where a core is not discernible at this distance downstream.

Reductions in induced drag of the wing are directly related to reduction
of the total energy of the circulation. The reductions in induced drag produced
by the upper winglet are evident primarily by the reductions in the kinetic
energy of the vortex core, which is proportional to the cross-flow velocity
squared. Unpublished far-field data from the Langley vortex research facility
confirm that the winglets delay formation of the vortex and that the velocities
in the core region of the vortex are reduced by an increment proportional to the
reductions in induced drag for those configurations.

Second-Segment Climb

Variations of incremental drag coefficient with 1ift coefficient are pre-
sented in figure 14 for the configurations with trailing-edge flaps. These
increments are also equivalent to increments in the lift-drag ratio. Incremen-
tal drag is presented for M°° = 0.30 rather than incremental 1ift which was
presented for cruise Mach numbers, because airplanes cannot be flown with the
same flexibility in 1lift coefficient during second-segment climb as is possible
during cruise. Data were not obtained for all possible combinations of wing-tip
and leading- and trailing-edge-flap configurations.

No flaps.- Data for the configuration without flaps are shown in fig-
ures 12(a) and 13(a). The upper-and-lower-winglet configuration shows a
benefit over the basic wing in aerodynamic efficiency and has decreased longi-
tudinal instability at 1ift coefficients up to 0.9, after which the wing ini-
tially stalls.
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Trailing-edge flaps.- Data for the configurations with trailing-edge flaps
added are shown in figures 12(b) and 13(b). These data are representative of
first-generation jet transports similar to the KC-135A. The trailing-edge
flaps delay stall on the wing to a 1ift coefficient of 1.1. The addition of the
upper winglet produces reductions in total drag coefficient of up to 11 percent
at a 1lift coefficient just prior to stall. This is equivalent to a 0.0085
reduction in drag coefficient. Figure 14 shows that at a 1lift coefficient near
1.0, the upper winglet produces an increase in lift-drag ratio of approximately
10 percent.

Again, slight decreases in longitudinal instability are shown (fig. 13(b))
by a less positive slope of pitching-moment coefficient plotted against 1ift
coefficient. The upper-winglet configuration results in more negative values
of Cp and also shows a slightly greater tendency to pitch up after stall.

The addition of the upper and lower winglets produces reductions in drag
coefficient less than the upper winglet only, or about 10 percent (0.0077)
near stall conditions, and produces an increase in lift-drag ratio of about
9 percent at a lift coefficient of 1.0 (fig. 14). The upper-and-lower-winglet
configuration shows 1lift and pitching-moment trends similar to the upper-winglet
configuration.

At cruise Mach numbers, the lower winglet has been shown to reduce the
leading-edge pressure peak of the upper winglet and thereby extend aerodynamic
effectiveness to 1lift coefficients higher than for the upper winglet alone. At
a Mach number of 0.30, the lower winglet experiences relatively high drag coef-
ficients due to high loading and some flow separation on this surface.

The addition of the tip extension results in drag coefficients which are
2 to 3 percent higher than those for the upper-winglet configuration. At a lift
coefficient of 1.0, the tip extension produces an increase in lift-drag ratio of
approximately 6.5 percent. The tip-extension configuration also exhibits a
slightly higher 1ift coefficient and a more negative pitching-moment increment
than does the upper-winglet configuration. Therefore, the trim drag penalty
associated with the pitching-moment increments would be higher for the tip
extension than for the upper winglet.

Leading- and trailing-edge flaps.- Data for configurations with leading-
and trailing-edge flaps are presented in figures 12(c¢) and 13(e). These config-
urations are designed to simulate the effects of winglets on the second-segment-
climb characteristics of most present jet transports. The addition of the
leading-edge flap moves the point at which the wing initially stalls to a 1lift
coefficient of 1.3. The upper-winglet configuration produces reductions in drag
coefficient of up to 9 percent at the stall 1ift coefficient. Again, the upper-
winglet configuration is slightly less unstable longitudinally than the basic
wing.

As for the configurations with only trailing-edge flaps, addition of the
lower winglet results in slightly higher values of drag coefficient below the
stall 1lift coefficient. The upper-and-lower-winglet configuration also pro-
duces a slightly higher 1lift coefficient and a more negative pitching-moment
coefficient than the upper-winglet configuration.
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SUMMARY OF RESULTS

A wind-tunnel investigation of winglets mounted on the tip of a 0.07-scale
KC-135A jet transport model wing has been conducted. Configurations with an
upper winglet only and with upper and lower winglets are compared with a simple
wing-tip extension which is designed to produce the same increase in bending
moment at the wing root (at a 1g load factor) as do the winglets. Data are pre-
sented at four high subsonic Mach numbers and one low subsonic Mach number, and
indicate the following conclusions:

1. Both winglet configurations reduce induced drag by approximately 20 per-
cent at design cruise conditions. The tip extension reduces induced drag by
about 10 percent at design conditions. :

2. At cruise conditions winglets produce improvements in lift-drag ratio of
about 9 percent. At the same conditions the tip extension produces a 4-percent
improvement in lift-drag ratio.

3. The negative increments in pitching-moment coefficient due to the wing-
lets are less than those produced by the tip extension.

) 4, All the wing-tip configurations investigated produce an increment in
wing root bending moment of approximately 3 to 4 percent for 1lift coefficients
up to the design value at Mach numbers of 0.70 and 0.78. At lift coefficients
significantly higher than the cruise values, the bending increments for the tip
extension increase, while those for the upper winglet tend to decrease.

5. Both winglet configurations produce reductions in induced drag greater
than those produced by the tip extension at second-segment-climb conditions with
trailing-edge flaps. The upper-winglet, upper-and-lower-winglet, and tip-
extension configurations produce increases in lift-drag ratio (at a lift coeffi-
cient of 1.0) of 10 percent, 9 percent, and 6.5 percent, respectively, with
trailing-edge flaps.

6. The winglets delay the formation of the wing-tip vortex and lessen the
cross-flow velocity vectors in the core area.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

April 18, 1977
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TABLE I.- AIRFOIL COORDINATES FOR WINGLETS

1.0000

-.0020

14

z/c
x/c
Upper surface
0 0

.0020 L0077
.0050 .0119
L0125 .0179
.0250 .0249
.0375 .0296
.0500 .0333
.0750 .0389
.1000 .0U433
. 1250 .0L69
.1500 .0499
. 1750 .0525
.2000 .0547
.2500 .0581
.3000 .0605
.3500 .0621
. 4000 .0628
.4500 .0627
.5000 .0618
.5500 .0599
.5750 .0587
.6000 .0572
.6250 .0554
.6500 .0533
.6750 .0508
.7000 .0481
.7250 .0451
. 7500 .0l19
L7750 .0384
.8000 .0349
.8250 .0311
.8500 .0270
.8750 .0228
.9000 .0184
.9250 .0138
.9500 .0089
L9750 .0038

surface

.0032
.0041

-.0060
-.0077

.0090.
.0100
.0118
.0132
L0144
.0154
.0161
.0167
.0175
.0176

-.0174
-.0168

.0158
L0144
.0122
.0106
.0090
.0071
.0052
.0033
.0015
.0004
.0020
.0036
.0049
.0060
.0065
.0064
.0059
.0045
.0021
.0013
.0067




(a) Complete configuration.

(b) Winglets.

Figure 1.- Wind-tunnel model.
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Figure 2.- Drawings of semispan model. Dimensions in centimeters (inches).
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Figure 2.- Concluded.
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Figure 3.- Typical outboard wing airfoil section.
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Figure 4.- Drawings of leading- and trailing-edge flaps.
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Figure 6.- Variation of drag coefficient with lift coefficient.
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Figure 6.- Continued.
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Figure 6.- Continued.
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Figure 7.- Concluded.
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L-77-180

(a) Upper (inboard) surface of upper winglet.

Figure 8.- Fluorescent-oil-film flow-visualization photographs (upper and
lower winglets). Mg = 0.78; Cp = 0.48.
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(b) Lower

L-77-181
(outboard) surface of upper winglet and upper (outboard) surface of lower winglet.

Figure 8.- Concluded.
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Figure 9.- Variation of incremental bending-moment coefficient with 1lift coefficient.
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Figure 10.- Variation of incremental lift coefficient for constant drag
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Figure 11.- Flow-field cross-flow velocity vectors downstream of wing tip.
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